Effects of Fe-substitution on the crystal structure and magnetic correlations of the geometrically 
Introduction
Geometrically frustrated magnetic systems are very interesting both theoretically and experimentally because of their unconventional magnetic ground states. The presence of spin frustrations often leads to a suppression of long-range magnetic ordering, and promotes short-range magnetic correlations due to fluctuations between nearly or totally degenerated magnetic ground states [1] . Strong spin frustrations are found in many complex rare-earth and transition-metal oxides with triangular, Kagomé, spinel, pyrochlore and square crystal lattices. The geometry of the lattice structures causes spin frustrations allowing to tune magnetic properties by controlling the lattice geometry. In this regards, the new class of geometrically frustrated layered mixed-valence cobaltate YBaCo 4 O 7+δ and its derivatives with an extended Kagomé structure, belonging to the swedenborgite compound family [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] , are of interest to us.
The compound YBaCo 4 O 7+δ have been considered as a model geometrical frustrated system that originates from a special layered crystal structure with an alternating stacking of CoO 4 tetrahedral layers of Kagomé (6c site) and triangular (2a site) lattices along the crystallographic c-direction (figure 1, and Ref. [17] ). The unique crystal structure together with mixed-valence cobalt ions (Co 2+ and Co
3+
) lead to variety of interesting structural and physical properties. The compound YBaCo 4 O 7+δ crystallizes in the trigonal structure (space group P31c) [13] . With decreasing temperature, a crystal structural transition occurs from the trigonal phase (P31c) to orthorhombic phase (Pbn2 1 ) at ~ 310 K and gives rise to a regime of short-range magnetic order [5, 18] . With further cooling, a magnetic transition to long-range antiferromagnetic (AFM) order state occurs at ~ 110 K [5] . The crystal structural transition lifts geometrical frustrations and facilitates the long-range magnetic ordering. Even in the frustrated trigonal phase (space group P31c) of YBaCo 4 O 7+δ , the magnetic Kagomé lattice is distorted and formed with two different sizes of corner sharing equilateral triangles [figure 1(b) ]. This indicates that the magnetic correlation in YBaCo 4 O 7+δ can be tuned by controlling the Kagomé lattice distortions. The compound YBaCo 4 O 7+δ is found to be highly flexible to the cation substitution allowing to tune its physical properties [13] .
The present study focuses in the control of structural distortion with suitable ionic substitution and its role on the magnetic correlations. With this aim, we have substituted Fe for Co and investigated the effect on structural distortion and magnetic properties of YBaCo 4-x Fe x O 7 (x = 0, 0.2, 0.4, 0.5, 0.6, and 0.8) compounds by employing neutron diffraction, Mössbauer spectroscopy, and ac-susceptibility.
Neutron diffraction at 22 K reveals a short-range AFM ordering for all compounds with a decrease of correlation length with the Fe-substitution.
Experimental details
Polycrystalline samples of YBaCo 4-x and Fe 3 O 4 were taken as the precursors for the reaction. The mixtures of the precursors were initially heated at 1000 ºC for 20 hours in the powder form and then at 1200 ºC in the pellet form for total 60 hours with intermediate grindings. All the heating processes were done in air. The phase purity of the samples was ensured by a room temperature powder x-ray diffraction study, using a rotating anode type Rigaku diffractometer, with a Cu K α radiation.
Neutron powder diffraction measurements were carried out down to 22 K by using the powder diffractometer II (λ =1.249 Å) at Dhruva research reactor, Trombay, India. Cylindrical vanadium sample containers were used for the measurements. A closed cycle helium refrigerator was used to achieve low temperatures. Besides, high resolution neutron diffraction measurements were carried out at 300 K by using the D2B diffractometer (λ = 1.590 Å) of the Institut Laue-Langevin (ILL), Grenoble, France, on two representative compounds with x= 0.2 and x = 0.8. The neutron diffraction data were analyzed by the Rietveld method using the FULLPROF program [19] .
Mössbauer spectra of YBaCo 4-x The ac susceptibility (χ ac ) measurements were performed by using a commercial CryoBIND susceptometer over the temperature range of 4.2-320 K and in a frequency range of 15-999 Hz.
Results and Discussion

Crystal structure at 300 K:
The Rietveld refined neutron diffraction patterns for all compounds (x = 0, 0.2, 0.4, 0.5, 0.6, and 0.8), recorded at 300 K at Trombay, are shown in figures 2 (a-f). The high resolution neutron diffraction patterns, carried out at ILL, are shown in figures 3(a) and 3(b) . The Rietveld refinement shows that all compounds crystallize in the trigonal symmetry with the space group P31c. The present results are in agreement with the previous reports [15, 16] . With the substitution of Fe, the space group symmetry does not change, however, an increase in the lattice constants, from a = 6.2718(5) Å (for the x = 0) to a = 6.2943(5) Å (for the x = 0.8), and from c = 10.2056(9) Å (for the x = 0) to c = 10.2453(8) (1) where, d i is the i th bond length and <d> is the average of the bond lengths. The variation of distortion of the tetrahedron as a function of Fe concentration is shown in figure 4(f). For both the 2a and 6c sites, the distortion of the tetrahedron decreases with the Fe substitution. However, the variation is significantly larger for the Kagomé layer.
Mössbauer study:
In order to confirm the Fe occupations at both the 2a and 6c sites, as well as oxidation and spin ions at tetrahedral and octahedral coordinates are expected to be ≥ 0.8 mm/s and ≥ 1.0 mm/s, respectively [29] .
The ∆E Q values are found to be different for the 2a and 6c sites. Since, ∆E Q occurs due to an interaction between nuclear quadruple moment and electric field gradient produced by surrounding ions (oxygen ions for the present case), the different values of ∆E Q for the two sites suggest different local charge environments for the 2a and 6c sites. The higher value of ∆E Q for the 6c site as compared to that for the other site (2a site) indicates the presence of a relatively larger crystal field gradient at the 6c site.
For a tetrahedral site, a larger field gradient is expected when a distortion occurs in the tetrahedron. In the present case, the tetrahedra for the 6c site (Kagomé layer) are more distorted than that for the 2a site 
ac susceptibility:
In order to understand the nature of magnetic ordering in the Fe-substituted compounds, we have carried out ac-susceptibility measurements. The temperature dependent real part of the ac-susceptibility
lowering of temperature, χ(T) curve shows a peak at a temperature (T P ) ~ 70 K, followed by a broad hump over the temperature range of 15-60 K. A similar type of susceptibility behaviour for the parent compound was reported for both polycrystalline [2, 17] and single crystal (ab plane susceptibility) [6] samples. With Fe-substitution, the peak temperature is found to decrease. For the highest Fe-substituted compound (x = 0.8), the T P becomes ~ 59 K. The variation of the T P with the Fe-concentration is shown in the inset of figure 7(a) . Here, a relatively sharp decrease in T P over the lower concentration range (x < 0.4) is evident. With increasing Fe-concentration, a broadening of the χ(T) peak at T P has also been observed, suggesting a decrease in the sharpness of the magnetic transition. It is also observed that the height of the broad peak reduces significantly with Fe-substitution. To understand the nature of the magnetic ground state further, we have performed a frequency dependent ac-susceptibility study on the has been found, suggesting the presence of an AFM spin-spin correlation at this temperature. It also confirms the absence of a true long-range magnetic ordering. With Fe-substitution, the evolution of the magnetic peak is shown in figure 8 (b) . For all compounds, the same broad peak is present at Q ~ 1.35 Å for x = 0.8, which correspond to the spin-spin correlation lengths of 14.5 Å and 6.2 Å, respectively. The intensity of the magnetic peak also decreases with the increasing Fe-concentration. The magnetic peaks start to appear below ~ 130 K in the neutron diffraction patterns for all compounds (not shown here) [17] . Now we discuss below the possible magnetic correlations in these compounds. Similar asymmetric diffuse neutron scattering, indication of a broken long-range magnetic ordering, was reported for YBaCo 4 O 7.0 above its long-range magnetic ordering temperature T N (~ 110 K) [5] , and was attributed to the distinct pattern of short-range magnetic order derived from a unique magnetic exchange topology of linked trigonal bipyramids of Co [15, 18] . The diffuse neutron scattering was also reported for the isostructural compound Y 0.5 Ca 0.5 BaCo 4 O 7 [30] as well as YBaCo 4 O 7+δ [16, 17] with δ > 0.08, however, over a wide temperature range below ~ 110 K down to lowest measured temperatures (6 K and 2 K, respectively) without any transition to a long-range magnetic order. For Y 0.5 Ca 0.5 BaCo 4 O 7 , the broken long-range magnetic order was attributed to the random distribution of Ca atoms that causes a local structural disorder and interferes with the magnetic exchange pathways [30, 31] . For YBaCo 4 O 7+δ (δ > 0.08), an excess oxygen content preserves the geometrically frustrated trigonal structure down to 6 K, and reveals only the short-range magnetic order [16] . For all the present compounds, a short-range magnetic ordering is evident from the broad peak in the neutron diffraction patterns down to 22 K. In agreement with the present neutron diffraction results, a broad magnetic peak in the polarized neutron diffuse scattering pattern was reported for the YBaCo 3 FeO 7 compound [32] . The nature of the magnetic ordering was linked to a quasi-one dimensional partially ordered AFM state. Now, we compare the magnetic ordering in the present Fe-substituted compounds with the earlier reports on the Fe-substituted compounds. A single crystal Mössbauer study on YBaCo 3 FeO 7 revealed two spin freezing temperatures of T c1 = 590 K and T c2 = 50 K corresponding to the spin freezing at the Kagomé layers and triangular layers, respectively [32] . However, a Mössbauer study on powder compounds [YBaCo 4-x Fe x O 7+δ (x = 0-0.8) ] reported single spin freezing temperature ~ 70 K [33] . The present neutron diffraction study shows the onset of the magnetic ordering around 130 K for all compounds, however, with no observable change in the magnetic diffraction peak around T c2 . The present ac susceptibility data (figure 7) do show a peak around T c2 . Moreover, at 22 K, the monotonous decrease of the spin-spin correlation length with the Fe-substitution reveals the increase of spinfrustration. In agreement with our observation, the increase of spin-frustration is also evident from the increase of the Curie-Weiss temperature (θ C-W = -907, -1150, -1304, and -2000 K for x =0, 0.04, 0.8, and 1.0, respectively) with the Fe-substitution [32, 33] . The increase of frustration may be correlated to the decrease of the distortion in the Kagomé plane (decrease in the difference between the Co2-Co2 distances within the ab plane) with the Fe-substitution [ figure 4(c) ]. However, one cannot rule out the contribution from a possible spin disorder effect due to the Fe-substitution.
Summary and Conclusion
In summary, the effects of Fe-substitution on the crystal structural and magnetic properties of the geometrical frustrated mixed valence (Co Rietveld refined lattice constants (a and c) , unit cell volumes (V), fractional atomic coordinates, isotropic thermal parameters (B iso ), site occupancies (Occ.), χ 
